Because of the strong influence of dietary fat on serum cholesterol levels, there has been a great deal of interest in possible parallel effects on bile acid formation and excretion. The output of bile acids in human feces has been determined in several studies by a variety of chemical and isotopic procedures. Values have been reported ranging from less than 0.1 to as high as 2 g per day (1) (2) (3) (4) (5) (6) (7) (8) (9) . In several of these studies, the inclusion of unsaturated fat in the diet has been found to cause an increase in the total bile acid output, which might account for the concomitant decrease in serum cholesterol level (1) (2) (3) (4) . On the other hand, in other studies, no such effect of unsaturated fat on the total bile acid output was observed (8, (10) (11) (12) (13) .
Direct analysis of fecal end products is beset with serious technical problems, making it difficult to obtain valid quantitative results (14) . The bile acids produced in the liver (cholic acid and chenodeoxycholic acid) are radically modified by bacterial action in the intestine, giving rise to an extremely complex, heterogeneous mixture of products (15, 16) . If changes in the diet alter the relative abundance of the several fecal bile acids, then an analysis limited to only one or a few components could give an incomplete and erroneous impression of the changes induced in total bile acid excretion.
Lindstedt (17) has previously reported an isotopic method for determination of cholic acid turnover in man based on serial measurements of the declining specific radioactivity of pure cholic acid isolated from duodenal bile after oral administration of cholic acid-24-14C. The main components of bile (as opposed to feces) can readily be separated by paper chromatography (14) . The patterns of bile acids and their conjugates can thus be readily determined in conjunction with the isotopic studies, and estimates of the total pool of bile acids can be made. With this method, the size of the total bile acid pool and the turnover of cholic acid have been previously determined in normal young males on regular diets (17) .
In the present investigation, these methods have been applied in the study of 11 patients on various types of controlled liquid formula diets or solid diets containing various amounts and types of fat.
Methods
All subjects were studied on a metabolic ward in the Clinical Center at the National Institutes of Health. Their age, sex, diagnosis, and serum lipid levels on admission are shown in Table I . Serum cholesterol was determined two or three times weekly on blood samples of fasting subjects by the method of Sperry and Webb (18) . Phospholipids were determined by the method of Stewart and Hendry (19) , triglycerides by the method of Bragdon (20) .
The liquid formula diet contained skim milk, 40%o of calories (23. 4%o from carbohydrates, 16.6%o from protein), and corn oil or coconut oil, 60% of calories, homogenized in water. It was administered in four daily feedings. In some studies, the subjects received a basic 5-g fat diet supplemented with oil by spoon at meal times. In other studies measured portions of the standard hospital diet were given to provide 35 to 40% of calories as fat. In all cases, total caloric intake was adjusted to maintain constant body weight.
Cholic acid-24-"C (21) (1 to 2 mg, 2 to 5 sAc) was given orally mixed with the formula or in orange juice. In all cases, the turnover studies in each diet period were only begun after the subject had been on the diet for 1 to 2 weeks. Bile samples were obtained by duodenal intubations on the day after administration of labeled cholic acid and then at 3-to 5-day intervals. The use of an in-1754 The four periods shown correspond to the four successive dietary test periods summarized in Figure 3 . The spots corresponding to the respective acids were eluted and the amounts determined colorimetrically from absorption spectra in 65% sulfuric acid (23) . Each bile sample was analyzed in duplicate. The remainder of the bile was added to 200 ml of 95% ethanol. The precipitated proteins were filtered off, the filtrate was evaporated to dryness, and the residue was saponified under pressure in 2 N sodium hydroxide for 12 hours at 1200 C. The saponified sample was acidified, and bile acids were extracted by shaking three times with equal volumes of ethyl ether. The solvent was removed in vacuo and the residue fractionated by reversed phase column chromatography (24, 25) with phase system C1 (26) (moving phase: methanol-water, 1: 1; stationary phase: chloroform-isooctanol, 1: 1). The fractions containing cholic acid were combined and acidified with hydrochloric acid, and the cholic acid was extracted with ethyl ether. It was then recrystallized from ethyl acetate after evaporation of the ether.
The C1" content of the crystalline cholic acid was determined after combustion of a sample weighing 2 to 10 mg by the gas-phase counting method of Glascock (27) .
Results
Bile acid pool and turnover of cholic acid. The height of the large cross-hatched bars at the bottom of each graph indicates the rate of cholic acid turnover, in milligrams per day, calculated from serial measurements of cholic acid-24-24C specific radioactivity in duodenal bile samples (see Methods). The width of the bar indicates the time period over which duodenal bile samples were collected and analyzed for determination of turnover. The upper bar graphs inset into each chart show the relative contributions of glycocholic acid (horizontal lines), glycochenodeoxycholic acid (dots), and glycodeoxycholic acid (diagonal lines) to the total of the three in the glycine conjugates of duodenal bile taken during the course of the cholic acid turnover study. diets was from 1.7 to 4.5 days, with a mean of 3.3 days (Table II) . Subjects on coconut oil formula showed half-life values from 2.7 to 10 days with a mean of 5.9 days. For subjects on solid diets, the half-life found during corn oil supplementation (35% of calories) varied from 2.7 to 5.9 days (mean 4.3), during coconut oil supplementation from 2.5 to 5.0 days (mean 3.9) ( Table III) . Figure 2 ). As expected, all subjects showed a lower serum cholesterol level during the corn oil period. In Subjects 2 and 3, cholic acid turnover was definitely higher on corn oil, but in Subjects 1 and 4 the difference was small and probably not significant. The increase in turnover on corn oil in Subjects 2 and 3 was associated with a much larger cholic acid pool size. A similar direct comparison on liquid formula diets was made in three cases (Subjects 5, 10, and 11, Table II and Figures 3 and 4) . In Subject 5, a third period returning to corn oil was added. The cholic acid turnover was greater during the corn oil period in Subjects 5 and 11, but the difference in Subject 10 was of marginal significance. However, the response of serum cholesterol in Subject 10 was as great as the response in Subject 11.
In four additional experiments, transitions between solid and liquid diets in various combinations were studied. In two of these there was a marked change in level of serum cholesterol (Subjects 5 and 8). In Subject 5, serum cholesterol fell from 310 to 190 mg per 100 ml on transition from a regular diet (35% of calories from fat) to a corn oil formula diet, yet cholic acid turnover In Subject 8, transition from a 5-g fat diet to a coconut oil formula diet (60% of calories as fat) was accompanied by a rise in serum cholesterol level from 196 to 264 mg per 100 ml, yet cholic acid turnover increased from 0.11 to 0.22 g per day. In Subject 6, transition from a corn oil formula diet (60%o of calories as fat) to a corn oil-supplemented diet (35% of calories as fat) caused very little change in serum cholesterol (265 to 251 mg per 100 ml), but cholic acid turnover increased from 0.08 to 0.14 g per day. Finally, in Subject 7, transition from the standard hospital diet (40% of calories from fat) to a coconut oil formula diet increased serum cholesterol level from 93 to 122 mg per 100 ml, whereas cholic acid turnover decreased from 0.18 to 0.11 g per day.
Bile acids in duodenal bile samples. In most subjects, bile samples from two different intubations, usually the first and third, were analyzed in detail for composition (Tables IV and V) . Usually only minor differences were noted between the two samples, but in some cases a more ap- preciable variation in composition was found (Subjects 7 and 11). Conjugation. In general, the ratio between glycine-conjugated and taurine-conjugated bile acids (G: T) was higher on the solid diets than on the liquid formula diets. This difference is also seen when direct comparison is made of solid and liquid diets containing the same fat (Tables IV and V) . For coconut oil-containing diets, the mean ratios were 2.3 versus 1.1, and for corn oil-containing diets, 2.6 versus 2.2, for solid and liquid diets, respectively. The effect is clearly seen in those subjects (5, 7, and 8) that were studied on both a solid diet and on a formula diet. Tables IV and V also show that the average ratio of glycine-to taurine-conjugated bile acids was higher in subjects receiving corn oil than in those receiving coconut oil; on liquid formula diets, the mean ratios were 2.2 versus 1.1, and on solid diets 2.6 versus 2.3.
Relative concentrations of the principal bile acids. The relative amounts of the three principal bile acids in bile-cholic acid, chenodeoxycholic acid, and deoxycholic acid-were determined by analysis of their glycine conjugates, since analysis of the taurine conjugates of the three individual acids is technically difficult. Previous work has shown, however, that there is no significant difference in the composition of the glycine and taurine conjugates (15) . Tables IV and V give the concentrations of glycocholic acid (GC) and of glycodeoxycholic acid (GD) in relation to that of glycochenodeoxycholic acid (GCD) set arbitrarily equal to 1.0. Values are given for bile samples collected on two different occasions in the same diet period. Subjects 5, 7, and 8, studied on both a solid and a liquid diet, had a lower relative concentration of glycochenodeoxycholic acid on the formula diet. In Subject 5 (Figure 3) , the relative concentration of glycochenodeoxycholic acid (relative to that of glycocholic and glycodeoxycholic acids) decreased on liquid formula diet to about the same extent whether coconut oil or corn oil was used. For both Subjects 7 and 8, similar results were obtained on changing from a standard hospital diet (40%o of calories from fat) or from a 5-g fat diet, respectively, to a coconut oil liquid formula (60%o of calories from fat). When the dietary fat was saturated, the relative concentration of chenodeoxycholic acid tended to be higher. Thus on the liquid diet, chenodeoxycholic acid accounted for 36%o of the total bile acids when coconut oil was given, but for only 25%o when corn oil was given. On the solid diets, the corresponding figures were 42%o and 38%o, respectively.
There were large differences in deoxycholate: (17, 28) . The pool size was not affected consistently either by changing from solid to liquid diets or by substituting coconut oil for corn oil. The half-life of cholic acid was in the same range as in the earlier studies, except that in the group of subjects on a liquid diet containing coconut oil, the mean (5.9 days) was higher than that previously encountered.
The turnover of cholic acid on solid diets supplemented with corn oil was higher than on coconut oil-supplemented diets in two subjects, but not significantly different in the other two. In the three subjects studied both on corn oil and on coconut oil contained in liquid formula diets, the turnover was clearly greater during the corn oil period in two, but marginally different in the third. If all seven subjects, in whom direct comparisons of saturated and unsaturated fats were made, are considered together and the results are analyzed as paired data, a small but significant difference is found. Cholic acid turnover was higher by 0.07 g per day on the unsaturated fat. With regard to the question of whether the changes in cholic acid output are related to the changes in serum cholesterol, the results in the two first diet periods for Subject 5 and the results in Subject 8 are particularly relevant. In both cases, a dietary change accompanied by large changes in serum cholesterol level was associated with parallel rather than inverse changes in cholic acid output.
If all nine studies in which dietary fat transitions were made and cholic acid output data were obtained are grouped together, there is no significant correlation between changes in serum cholesterol value and changes in cholic acid output. Such a lack of correlation has also been noted in several other similar studies. Hellstro6m and Lindstedt (29) found that cholic acid turnover was no different on solid diets supplemented on the one hand with butterfat or on the other hand with corn oil (40% of calories), even though there were highly significant differences in plasma cholesterol levels. Avigan and Steinberg (13, 30) , using a 14C balance method similar to that described by Hellman, Rosenfeld, Insull, and Ahrens (11, 12) , found no consistent relation between the effects of unsaturated fat (corn oil or safflower oil) or saturated fat (coconut oil) on serum cholesterol level and on total bile acid or sterol excretion.
Spritz, Ahrens, and Grundy have used a battery of isolation procedures that permit quantification of total bile acids and sterols in human feces. They found no significant difference in end-product excretion when cholesterol-free liquid formula diets containing saturated and unsaturated fats (40% of calories), with and without vegetable sterols, were alternated (8, 10) . Thus, in four independent studies, utilizing isotopic methods in some cases and direct analytical methods in others, there has been no correlation between diet-induced changes in plasma cholesterol levels and changes in bile acid output; in two studies in which total sterol output was determined either isotopically or analytically, there was again no correlation between diet-induced changes in plasma sterol levels and changes in fecal sterol output.
Any explanation of changes of serum cholesterol level must ultimately be related to changes either in the rate of production of new lipoproteins, the rate of their removal from the blood, or a combination of the two. Although such changes may be initiated by and be secondary to changes in hepatic metabolism of sterols and bile acids, other explanations are equally possible. For example, the fatty acid composition of the diet might influence the rate of formation of new lipoproteins or their rate of secretion into the plasma or both. If this occurred, there might well be consequent changes in the fecal excretion of sterols and bile acids, but as a secondary phenomenon. In other words, there is no reason a priori to assume that the nature of the dietary fat must have a primary action on enzyme systems directly involved in sterol or bile acid metabolism. From the present studies, nothing can be said concerning which components of the natural oils fed are responsible for either the changes in plasma cholesterol levels or the changes in bile acid patterns or turnover.
Our studies show that the ratio of glycine-to taurine-conjugated bile acids in duodenal bile is influenced both by the form of the diet (solid or liquid) and by the nature of the dietary fat (coconut oil versus corn oil). The values obtained in the subjects studied on a solid diet were close to those found previously in healthy young subjects on regular diets (31) (corn oil, 2.6 and coconut oil, 2.3 in the present study, compared to 3.2 in the previous study). The ratio was consistently lower in the present series of subjects studied on liquid formula diets (corn oil, 2.2; coconut oil, 1.1). There was in four cases a marked increase in the ratio on changing from coconut oil to corn oil; in the other three the increase was smaller but probably significant. The mechanism underlying these changes is not clear. Several factors are known to influence the relative abundance of glycine and taurine conjugates. For example, feeding large amounts of taurine can lead to a twofold increase in taurine conjugates; on the other hand, large increases in glycine intake do not change the proportion of two types of conjugates (32) . In hypothyroid patients, a relative increase in the glycine conjugates has been found (33) . Impairment of liver function leads to a diminished capacity of the liver to conjugate bile acids with glycine in vitro (34) . Thus, changes in the glycine: taurine ratio can be effected either by changes in the available amounts of taurine or its precursors, or by changes in the activity of the conjugating systems in the liver. Of course, it is also possible that alterations in bacterial flora could lead to differences. For example, changes in the rates of hydrolysis of the different conjugates or in the rates of their reabsorption would result in changes in the ratios observed in bile.
The cholic: chenodeoxycholic: deoxycholic ratios found in the present study for subjects on solid diets were very similar to those previously reported in young subjects on ad libitum diets (1.1: 1.0: 0.6) (31). In the three studies for which direct comparison is available, the relative amount of chenodeoxycholic acid decreased in every instance when a liquid formula diet was substituted for a solid diet. Most of the subjects on liquid formula diets had a lower relative chenodeoxycholic acid concentration than the subjects on a solid diet, independent of the type of oil used in the formula diet. The changes in the cholic: chenodeoxycholic acid ratio induced by substituting saturated for unsaturated fat were less striking. In most instances, however, there was a relative increase in chenodeoxycholic acid when coconut oil was used.
The factors that regulate the proportions in which cholic and chenodeoxycholic acid are formed in liver from cholesterol are not understood. Both in animal and in human studies, it has been shown that thyroid hormone causes a relative increase in the concentration of chenodeoxycholic acid (28, (35) (36) (37) . The fact that this effect has been demonstrated in rats with bile fistulas (35, 37) .indicates that the cholic to chenodeoxycholic acid ratio is affected by the bile acid synthesizing system in the liver. On the other hand, there is also evidence that chenodeoxycholic acid, like cholic acid, can be degraded by intestinal bacteria (38) (39) (40) , and changes in such bacterial action could also lead to alterations in the cholic to chenodeoxycholic acid ratio.
Because of the large differences in cholate: deoxycholate ratios from subject to subject, even on identical diets, meaningful comparisons can only be made of values obtained in successive diet periods in individual subjects. The nature of the dietary fat did not have any consistent effect on this ratio. However, transition from a solid diet to a liquid diet was in two cases accompanied by a decrease in the ratio of deoxycholate to cholate. The third subject studied in this way showed no deoxycholate on either solid or liquid diet. The number of studies is too limited to warrant general conclusions, but it is of interest to note that three of five subjects studied on liquid formula diets showed no deoxycholate in bile, whereas only one of nine subjects on solid diets lacked deoxycholate. The latter (No. 8) was on a 5-g fat diet. (16) . Second, no measurements of sterol balance were made, and a total net balance cannot be drawn. However, as pointed out above, in other studies in this laboratory (13, 30) , and in the studies of Spritz, Ahrens, and Grundy (8, 10) , no consistent changes in sterol balance have been noted with similar changes in diet. Finally, it should be pointed out that in reaching a new steady state, there need not be any "balance" between cholesterol disappearing from the plasma and end products excreted in the feces. Animal studies have shown, for example, that there can be important changes in the concentrations of cholesterol in certain organs accompanying changes in dietary fat (43) (44) (45) (46) (47) . Also, there may be changes in the rate of cholesterol synthesis, which must be taken! into account in calculating balance. In rats, corn oil-rich diets do in fact enhance the rate of hepatic cholesterol synthesis (44, 48) . It should be noted that in most of the experiments described here, the measurement of cholic acid turnover was made at a time when a new steady state had been reached, as discussed above. This therefore implies that in those subjects in whom there appeared to be a change in cholic acid turnover associated with a change in diet, the change was sustained for at least 2 to 3 weeks and possibly for as long as the intake of the same dietary fat continued. Previous studies with liquid formula diets like those used here have failed to demonstrate any consistent changes in fecal sterol output (10, 13 However, interactions at the enzymatic level are equally likely.
Summary
The ratio of glycine to taurine bile acid conjugates and the cholic: chenodeoxycholic: deoxycholic acid ratio in duodenal bile were determined in 11 subjects on various diets. The glycine: taurine ratio was lower on fat-rich liquid formula diets than on solid diets, both on corn oil and on coconut oil diets. The relative contribution of chenodeoxycholic acid to the mixture found in bile samples was lower on liquid formula diets than on solid diets. On corn oil, the relative concentration of chenodeoxycholic acid was generally lower than on coconut oil when the diets were otherwise identical. There were no consistent changes in the pool size of cholic acid, either with a transition from solid to liquid diet or with changes in the nature of dietary fat. In four subjects, the daily turnover of cholic acid was greater on corn oilcontaining diets than on coconut oil-containing diets that were otherwise identical. In three other subjects, however, there was little or no change in cholic acid output, even though the changes in serum cholesterol were comparable in magnitude to those effected in subjects showing a change in cholic acid turnover. In two additional subjects, transition from a solid diet to a formula diet was associated with large changes in serum cholesterol level with parallel rather than reciprocal changes in cholic acid turnover. The results as a whole, therefore, lend no support to the proposition that changes in serum cholesterol level brought about by manipulation of dietary fat intake are necessarily accompanied by reciprocal changes in cholic acid turnover.
